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Avui en dia, els retrovisors laterals d’un cotxe, juntament amb altres 
components d’un automòbil, estan al punt de mira dels experts en automoció 
que pretenen modificar-ne les seves geometries per tal de reduir la resistència 
aerodinàmica i, per tant, reduir el consum de combustible. 
Aquest projecte té com a objectiu endinsar-se en el món del Computational 
Fluid Dynamics (CFD) mitjançant un estudi aerodinàmic dels retrovisors 
laterals d’un cotxe genèric. El software utilitzat per realitzar l’estudi ha estat 
ANSYS Fluent. Com tots els anàlisis CFD, aquest estudi consta dels següents 
passos: generació de la geometria, mallat, elecció de les condicions de 
contorn, resolució del problema fluid i obtenció i anàlisi dels resultats.  
Un dels primers reptes del projecte ha estat seleccionar de manera acurada 
les mides del domini del fluid que envolta la geometria. Com més gran és el 
domini del fluid, més precisos són els resultats obtinguts, però, 
malauradament, més elevat és el cost computacional. 
La realització del mallat, o la divisió del domini de fluid en cel·les, és, sens 
dubte, el pas més difícil de tots. S’ha aconseguit generar cel·les molt petites en 
superfícies estretes i pronunciades de la geometria. A mesura que ens 
allunyem de la geometria, les cel·les generades són cada cop més grans ja 
que les propietats del fluid canvien més lentament. 
S’han simulat dos tipus diferents de geometria: 1) un cotxe amb retrovisor i 2) 
un cotxe sense retrovisor. S’han obtingut, principalment, les forces de fricció i 
de sustentació d’ambdós geometries. Es pot concloure que, pel model 
d'automòbil estudiat, l’eliminació del retrovisor lateral redueix la força de fricció 
en un 1.4% i augmenta la força de sustentació en un 7.7%, que comporta a la 
vegada una reducció de la fricció amb el terra d’un 0.2%. 
Per finalitzar el projecte, s’ha volgut donar solució al problema que podria 
ocasionar conduir un cotxe sense retrovisors. Per fer-ho, s’han enregistrat 
diversos vídeos amb una càmera des de la posició del retrovisor esquerre. 
Aquests vídeos s’han processat amb un codi senzill de Matlab, creant així un 
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Nowadays, lateral mirrors, along with other car components, are in the spotlight 
of automotive experts, who are trying to modify the geometry of these 
components so as to reduce the aerodynamic drag and therefore save fuel. 
The aim of this project is to go in-depth into the world of Computational Fluid 
Dynamics (CFD) by means of an aerodynamic study of the lateral mirrors of a 
generic car. The software used for the study is ANSYS Fluent. As any other 
CFD simulation, this study consists of the following steps: generation of the 
geometry, meshing, selection of the boundary conditions and the physics of the 
problem, realization of the CFD simulations and post-processing and analysis 
of the results. 
The first challenge in this project was to choose carefully the 
dimensions of the fluid domain around the car. Ideally, the control volume must 
be as big as possible for obtaining the most accurate results. Unfortunately, the 
bigger the fluid domain, the higher the computational cost.  
Meshing, or splitting the control volume into pieces called cells, is without doubt 
the most difficult step. It was possible to achieve very small cells near the 
narrower and sharper geometry surfaces. Far from the geometry, the cells 
generated are bigger since fluid properties change tardily. 
Two kinds of geometry were simulated: 1) a car with lateral mirror and 2) a car 
without lateral mirror. The drag and lift forces were obtained from the 
simulations. It can be concluded that, when the lateral mirror is removed from a 
car, the drag is reduced and the lift increases (in the sample car used in the 
study, the reduction and increase is by 1.4% and 7.7%, respectively). 
Finally, a solution to the problem associated with driving a car without lateral 
mirrors was investigated. In order to do so, several videos were captured with a 
wide-angle camera from the lateral mirror position. These videos were 
processed and, by means of a simple Matlab code, a program was developed 
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INTRODUCTION 
 
Certainly many drivers have often thought how uncomfortable is being unable to 
see in the lateral mirrors when the rains are heavy. The idea being this project 
came up a rainy day when it was absolutely impossible to see other cars. 
 
The truth is that lateral mirrors have many disadvantages and not only with 
adverse weather conditions… Once the car is parked it is advisable to fold the 
mirrors to avoid collisions with others and yet, sometimes some jokers will be in 
charge of breaking them for you. Furthermore, lateral mirrors contribute to the 
car aerodynamic drag increasing the car’s fuel consumption, and this can 
become a problem if fuel prices continue to increase. Actually, the automotive 
industry is constantly trying to improve the aerodynamics of automobiles to 
prevent or mitigate this kind of problems.  
 
The aim of this project is to go in-depth into the world of Computational Fluid 
Dynamics (CFD) by means of an aerodynamic study of the lateral mirrors of a 
generic car. More specifically, this study is focused on comparing the 
aerodynamic performances of two kinds of geometry: 1) a car with lateral mirror 
and 2) a car without lateral mirror. 
 
This project starts with a background where all the technical concepts 
appearing in the study are described. This chapter talks about the 
characteristics of the flow chosen to perform the simulations, the origin of the 
aerodynamic forces (lift and drag) and sources of drag force. Thanks to this 
background, it will be ensured that all technical terms are easily understood 
even if the reader is not an expert in the field. 
 
The next chapter is about the CFD environment. The software used for the 
study is ANSYS Fluent. In a CFD study there are three important steps before 
obtaining the simulation results: creating and modifying the geometry, meshing, 
and selecting the boundary conditions and the physics of the problem.  
 
As for the geometry, a car is subtracted from a prism in order to get the fluid 
domain. Proper selection of the control volume size is a critical step that must 
be studied accurately. That is why a control volume independence study is 
conducted. 
 
Meshing is probably the most difficult step. Creating a mesh means to split the 
fluid domain into pieces called cells. The main objective of the mesh is getting 
small cells near to the car’s boundary to well discretize those small and sharp 
surfaces. Furthermore, mesh quality parameters provided by ANSYS Fluent are 
also reviewed.  
 
As for the boundary conditions and the physics of the problem, they will 
definitely affect all the properties of the fluid. Thus, all the decisions regarding 
the definition of the boundary conditions and the physics of the problem are 
going to be carefully considered. 
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Once all these steps are completed, the CFD simulations can be performed. In 
Chapter 3, the CFD results obtained in this research are presented and 
discussed; in particular, plots of streamlines, velocity vectors and arrows are 
shown, describing how the fluid behaves around the mirror. Also, the values of 
aerodynamic forces and coefficients are presented. 
 
The last part of the project goes one step beyond and tries to provide a solution  
to the problems associated with driving a car without lateral mirrors. After 
recording and processing some videos taken from the driver’s lateral mirror, a 
simple Matlab program is developed to establish whether or not an overtaking is 
occurring, based on the images acquired by the camera. 
 
To sum up the project, conclusions and possible future analyses are explained. 
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CHAPTER 1. BACKGROUND 
 
Nowadays one of the clear aims of automotive industry is reducing the fuel 
consumption, and therefore reducing the carbon dioxide emissions. One of the 
most common ways to achieve this is by decreasing the aerodynamic drag of 
the car.  
 
There are two valid ways to make research on aerodynamic drag: by wind 
tunnel measurements or numerical simulations by Computational Fluid 
Dynamics (CFD). They both provide sets of data for given flow considerations at 
different velocities, different fluids… [1] There is one thing that must be 
considered: although CFD is a well-proven tool economically feasible for all 
industries and it does not take up room, CFD results may not be as 
comprehensively comparable to real world results as most wind tunnel results 
can be. Even so, technology is advancing rapidly and computers become more 
and more powerful and CFD can provide results almost as accurate as a wind 
tunnel [2].  
 
Before moving on to the analysis of the CFD simulations and simulations 
results, some aerodynamic concepts must be explained. 
 
 
1.1 Types of flow 
 
A study of aerodynamics may involve the study of different types of flow. This 
section discusses the main properties of the flow which is going to be used 
throughout the simulations.  
 
 
1.1.1 Inviscid versus viscous flow 
 
Mathematically, the difference between inviscid and viscous flow is that inviscid 
flows are described by Euler Equations and viscous flows by Navier-Stokes 
Equations.  
 
Navier-Stokes Eqs. describe the relation between velocity, pressure, 
temperature and density of a moving fluid. They are a set of coupled differential 
equations that have no analytical solution in their general formulation. Thus, 
these Eqs. are generally solved using numerical methods. Only for a few types 
of fluid problems the Eqs. are simplified to a level such that analytical solutions 
exist. For this reason, methods such as CFD are widely used currently [3]. Euler 
Equations are a simplification of Navier-Stokes Equations, obtained when the 
effects of viscosity are neglected in the latter set of equations.  
 
Down below, Navier-Stokes Eqs. (or the general Eqs. of fluid motion) are 
shown: 
14                               Computational fluid dynamics analysis of a lateral mirror and introduction to digital implementation 
 
(1.1) 















where in Eq. (1.1), !  is pressure, !  is time, !  is the velocity vector and !  is 
density. In Eq. (1.2), -∇#  is the pressure term, ∇ · #'  is the viscous term and ! · #$   are the mass/volumetric forces. Finally, in Eq. (1.3), !  is entropy, ! · #!$   
is the heat flux from conduction, !"   is the Rayleigh dissipation function, ! · #$   is 
the heat flux from radiation and !"#   is the heat flux from chemical reaction.  
 
Equation (1.1) is the continuity equation which fulfils the statement “the net 
mass flux through the surface of the control volume is equal to the temporal 
variation of the mass inside the control volume”. Equation (1.2) is the 
momentum equation which is based on the Newton’s Second Law and fulfils the 
statement “the temporary variation of momentum of the fluid inside de control 
volume is equal to the sum of the external forces acting on the volume”. Finally, 
Eq. (1.3) is the energy equation and it is based on the statement “in a control 
volume, there is balance between the temporal variation of total energy and the 
work produced by external forces plus the heat received from the exterior, per 
unit time” [4]. 
 
Needless to say that these Eqs. are shown in a generic way. Depending on the 
case, most of the terms shown in Eqs. (1.2) and (1.3) can be neglected. In fact, 
in Eq. (1.2) when the viscous term and the mass/volumetric forces are 
neglected, it is obtained the Euler Eq. (1.4): 
 
 





Now, the Reynolds number should be defined. Particularly, the Reynolds 
number (!"  ) is the dimensionless ratio between the convective term 
(accounting for the transport of momentum into and out from the fluid domain) 
and the viscous term (accounting for the effect of shear forces) in the Navier-
Stokes Equations. Mathematically, it can be computed as follows: 
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where !  is the flow velocity, !  is a characteristic length and !  is the kinematic 
viscosity. 
 
At first glance, it is possible to observe that a high Reynolds number will involve 
that inertial force inertial force effects will be dominant over viscous force effects 
and the contrary for a low Reynolds number.  
 
A viscous flow is assumed to involve mass diffusion, viscous (friction) and 
thermal conduction. In contrast, a flow for which these transport phenomena are 
negligible is called inviscid flow. Inviscid flows do not truly exist in nature but 
they are a good approximation when the influence of transport phenomena is 
very small in a practical aerodynamic flow (i.e. for very high Reynolds Number) 





Fig. 1.1 The division of a flow into two regions: the thin boundary layer1.1 of 
viscous flow adjacent to the body surface and the inviscid flow outside the 
boundary layer [5] 
 
 
In contrast, there are cases where viscous effects cannot be neglected without 
incurring in unacceptable errors. (Fig. 1.2). This is the case of airfoils with a high 
angle of attack (α) or blunt bodies. As Fig. 1.2 shows, the boundary layer for 
these cases tends to separate from the top surface, and a large wake is formed 
downstream. So in these cases it is recommended to assume a viscous flow in 
order to predict better the total drag.  
 
 
                                                
1.1 Boundary layer: a thin layer adjacent to any solid surface wherein all the viscous effects are contained [6]  
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Fig. 1.2 Examples of viscous-dominated flow showing the turbulent detached 
flow region [5]: airfoil at high angle of attack (upper figure); cylinder, as an 
example of blunt body (lower figure) 
 
 
In this project, the effects of viscosity are not neglected because of the 
importance of computing the total drag of the car accurately.  
 
 
1.1.2 Incompressible versus compressible 
 
Before getting into the difference between incompressible and compressible 
flow, the Mach number should be defined. Particularly, the Mach number, M, is 
the dimensionless ratio of the speed of a body (!  ), to the speed of the sound, 
(!"#$%&   ). It can be computed with the following formula: 
 
 






The following table shows the classification of Mach regimes: 
 
 
Table 1.1 Mach regimes classification [7] 
 
Regimes Mach number 
Uncompressible subsonic ! < 0,3  
Compressible subsonic 0,3 < % < 0,75  
Transonic 0,75 < & < 1,20  
Sonic ! = 1  
Supersonic 1,2 < % < 5  
Hypersonic ! > 5  
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The main difference between incompressible and compressible flows is that a 
flow where density (!  ) is constant is called incompressible and, in contrast, a 
flow where !  is variable is called compressible. Truly incompressible flows do 
not occur in nature (although some liquids are virtually incompressible, like 
water), but sometimes assuming incompressible flow is a very good 
approximation to a real flow if the Mach Number is low enough [8]. The flow of 
this project will be considered as incompressible. 
 
Since the chosen airflow speed for this project is 30 m/s (about 100 km/h) the 










Taking into account Table 1.1, the flow falls in the incompressible subsonic 
regime. Thus, the flow will be considered incompressible in this project and so 
density will be considered constant along the study.  
 
1.1.3 Steady versus unsteady 
 
The difference between unsteady and steady flows is the dependence or not on 
time of the fluid properties. Velocity, pressure and other properties of a fluid can 
be functions of time. A flow whose properties at every point do not depend upon 
time is called a steady flow. Mathematically speaking for steady flows, the 










Where !  can be any property like pressure, velocity or density. Needless to say 
that any start up process is unsteady, but, after some time, it can become 
steady.  
 
In this project, the flow is assumed steady since the boundary conditions, like 
the velocity, and the car geometry do not vary with time throughout the 
simulation. Hence, there is no reason for the fluid properties to become 
unsteady other than in turbulent regions.  
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1.2 Aerodynamic forces 
 
When an aircraft or a car are studied, no matter how complex the body shape 
may be, their aerodynamic forces and moments are due to only two basic 
sources: pressure distribution and shear stress (friction) over the body surface. 
These are the only mechanisms with which nature communicates force to a 









Both pressure and shear stress have dimensions of force per unit of area but, 
as Fig. 1.3 shows, pressure acts normal to the surface and shear stress acts 
tangential. The net effect of pressure and shear stress over the complete body 
is the origin of the resultant aerodynamic force R and the aerodynamic moment 




Fig. 1.4 Resultant aerodynamic force and moment on the body [10] 
 
 
The resultant force can be split into two different sets of components. Taking 
into account that !"#$   is the freestream velocity (the velocity far away from the 
body), lift (!  ) is the component of !  perpendicular to !"#$   and drag (!  ) is the 
component of !  parallel to !"#$   .
 
There exist two more forces acting on body: thrust (!  ) and weight (!  ). Thrust is 
the forward force produced from an engine and it overcomes the force of drag. 
Weight is the load of the body and all of it contains inside it (passengers, 
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Fig. 1.5 Lift, drag, weight and thrust forces acting on an aircraft flight [11] 
 
 
Since this project is based in a car study, the equivalent forces acting on a car 
will be also studied. A car which is traveling on a road is exposed to different 




Fig. 1.6 Forces acting on a generic car which is on a road with !  slope [12] 
 
 
where !"   is the acceleration resistance, !"   the aerodynamic drag resistance, !"   
the gravitational resistance and !"   the rolling resistance. These resistance 
forces must be overcome in order to push the car forwards. Normal force (!  )





As explained before, lift is the force opposite to weight produced by the motion 
of the aircraft through the air. It is created by every part of the aircraft, but most 
of the lift is generated by wings [13].  
 
The fundamental source of lift is the pressure distribution over the wing surface. 
Fig. 1.7 illustrates the low pressure on the upper region, high pressure on the 
lower region and the resultant net lift [14]. 
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Fig. 1.7 Pressure distribution is the source of the net lift. The length of the 
arrows denoting pressure is proportional to !-!#$%  , where !"#$  is an arbitrary 
reference pressure slightly less than the minimum pressure on the airfoil [14] 
 
 
There is an alternative explanation of how lift is produced. The wing deflects the 
airflow such that the mean velocity vector behind the wind is canted slighly 
downward. Hence, the wing exerts a force on the air, pushing the flow 
downward. From Newton’s third law (action-reaction), the equal and opposite 
reaction produces a lift force [14].  
 
Finally, there is a third argument which turns out to be not so much an 
explanation of lift per se, but rather more a mathematical formulation for the 
calculation of lift. That is called circulation theory of lift and states that if the 
circulation (Γ  ) around an airfoil is computed for a given velocity, then lift force 
can be computed [14]. 
 
In cars, lift is the force that acts on a vehicle normal to the road surface. It 
usually has the effect of “pulling” the vehicle upwards [15].  
 
Sometimes, the car’s geometry is modified in order to create negative lift and 
produce a downwards force. This is the case of race cars. The down-force 
enhances vehicle performance by increasing the normal load on the tires and 
this way more adherence between the road and the car is ensured in the turns 
[15]. 
 
The lift force can be computed with this formula: 
 
 





where !  is the density, !  is a characteristic surface, !  is the flow velocity and !"   
is the lift coefficient. The lift coefficient is a dimensionless parameter 
characterizing how much lift force a surface produces. It is a function of several 
parameters like the angle of attack, the Reynolds Number of the flow and the 
Mach Number. 
 




Drag is the aerodynamic force that opposes the aircraft’s motion through the air. 
It is created by the interaction and contact of a solid body with a fluid. It is 
important to understand that drag only exists if there is a difference of velocity 









The drag coefficient (!"   ) is a dimensionless parameter characterizing how good 
is an obstacle at generating drag. It is a function of several parameters like the 
angle of attack, the shape of the body, the Reynolds Number of the flow, the 
Mach Number and the roughness of the surface. 
 
Computing the total drag coefficient of a solid body is a difficult task even for the 
simplest configurations. For this reason, the drag coefficient can be split into the 
separate sources that contribute to the total drag coefficient of an aircraft, 
according to the several physical phenomena responsible for the drag: parasitic 
drag, induced drag and wave or compressibility drag (the latter only appears 
when shock waves are developed, so in this study will not be relevant). 
Furthermore, parasitic drag can be split into skin friction, form and interference 
drag [17]. In the following equations, !"#  is the drag coefficient at zero lift (or the 
parasitic drag) and !"#  is the induced drag [18]. 
 
(1.12) !" = !"$ + !"&   (1.11) 
 
 
(1.12) !"# = % · !'(   (1.12) 
 
 
(1.10) ! = 1$ · &' · (   (1.13)  
 
(1.10) !" = $%&    (1.14)  
 
where !  is the Oswald factor, !  the wing span and !  the wing surface. 
 
In cars, !"#   value should be fairly unimportant since induced drag is a 
consequence of lift (this matter will be discussed later). For a generic car, the 
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predominant source of aerodynamic drag should be form drag. In contrast, for a 




1.2.2.1 Parasitic drag 
 
This source of drag is not associated with the production of lift. As told before, it 
is the addition of the following components: 
 
• Skin friction drag: is the drag created in the boundary layer due to the 
fluid viscosity and the resulting friction against the surface of the body. 
Most of the molecules which are in direct contact with the body surface 
are affected. It is proportional to the area of the surface and increases 
with the square of velocity [19]. This drag component can be reduced by 
creating smooth surfaces. 
 
• Form drag (also known as pressure drag or profile drag): is the drag 
caused by the separation of the boundary layer from a surface and the 
wake created by the separation [20]. This drag component can be 
reduced by using streamlined bodies. Differences between skin friction 
drag and form drag are shown in Fig. 1.8. 
 
• Interference drag: this drag is generated when the fluid across one 
component of the solid body is forced to mix with the fluid across an 
adjacent or proximal component (e.g. interaction between fuselage and 





Fig. 1.8 Differences between skin friction drag and form drag [22] 
 
 
1.2.2.2 Induced drag 
 
This source of drag is an inevitable consequence of lift. For a finite wing 
creating positive lift, this drag is due to the creation of vortices in the wingtips 
                                                
1.2 Fairings and fillets: aircraft components used to adapt junction shapes 
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due to the difference of pressure between the upper and the lower surfaces of 
the wing (airflow tends to travel from higher pressure regions to lower pressure 
regions) [23]. These wingtip vortices produce a swirling flow which becomes 
very strong near the wingtips but it decreases as it gets closer to the wing root. 
Due to this swirling flow induced by the vortices, the effective angle of attack of 
the wing decreases.  
 
Furthermore, the induced flow originates an additional downstream-facing 
component of aerodynamic force called induced drag. Wings with a high aspect 
ratio (!"  ) have lower induced drag than wings with a low aspect ratio for the 
same wing area [24]. Induced drag can be also reduced by using winglets at the 
wingtips. 
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CHAPTER 2. CFD ENVIRONMENT 
 
In this chapter, the CFD simulation process followed in this project is detailed.  
 
The main objective of performing CFD simulations in this project is to analyse 
the behaviour of the fluid flow around a vehicle (e.g. a generic car) in order to 
obtain its aerodynamic parameters such as the lift and drag coefficients. As 
stated before, the CFD software used in this project is ANSYS Fluent. 
 
The CFD analysis process consists of five clearly different steps, as shown in 
Fig. 2.1. In this chapter, the pre-processing phase, including the creation of the 
geometry, generation of the mesh and the setup of the boundary conditions and 
features of the solver are explained. The post-processing phase, with the 





Fig. 2.1 Steps taken in CFD simulation: geometry, meshing, boundary 
conditions & physics definition, solver and post-processing & analysis of results 
 
2.1 Geometry generation 
 
As told above, the first step needed to use ANSYS Fluent is setting up a 
geometry. Since this project focuses in the aerodynamic study of a real car, the 
geometry used was not made up from scratch, but it was downloaded from a 
free computer-aided design (CAD) downloading website. The chosen geometry 
corresponds to an Audi R8 model (see Fig 2.2). 
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Fig. 2.2 First car version downloaded from a free CAD website 
 
 
The downloaded geometry did not have the features that ANSYS Fluent 
requires as it was composed of multiple solids and surfaces. SolidWorks was 
used in order to modify the geometry and converting it into a single solid. This 
work was not easy because most of the surfaces were overlapped and each 
case had to be studied separately. Also, all the sharp or abrasive surfaces had 
to be rounded to avoid having mesh cells excessively thin.  
 
Fig. 2.3 shows the car with the appropriated modifications. Furthermore, as can 
be noted, only half of the car is going to be used in order to reduce the 




Fig. 2.3 Second car version with the arrangements done 
 
 
The obtained geometry of a car is not the definitive input that ANSYS Fluent 
requires for performing the simulations. The software needs as an input the the 
fluid domain, discretized into a large number of small cells with nodes, i.e., the 
mesh, in which the Navier-Stokes equations will be solved. So, the fluid domain 
has to be generated around the car geometry created before; for example, 
creating a large rectangular prism, and then, subtracting the car geometry from 
this prism (that is, obtaining the car negative). 
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Fig. 2.4 First fluid domain which includes the car geometry 
 
 
Defining the control volume size is not an easy task, which means that its 
dimensions cannot be chosen at random. To define the control volume size, a 
control volume independence study was performed.  
 
 
2.1.1 Control volume independence study 
 
It is difficult to know a priori which are the optimal dimensions that a control 
volume should have. The purpose of the control volume independence study is 
to find the most appropriated size depending on the user requirements. 
 
The following statement has to be considered: bigger control volumes will 
generally lead to more accurate results but will require more computational time 
or resources. So, choosing the control volume size will involve a trade-off 
between computational time/resources and accuracy: how long/much is a user 
willing to wait/pay in order to obtain results with smaller error.  
 
Taking into account that the car used in this project has a length of 4440 mm 
(4.4 m), the chosen control volume size has been: 
 
 
Table 2.1 Dimensions of the control volume used in this project 
 
 Car lengths Car lengths (m) 
Rear of the car 5.5 24.42 
Front of the car 2.75 12.21 
Above the car 2.25 10 
Side of the car 2 8.88 
 
 
And graphically (Fig. 2.5, Fig. 2.6 and Fig. 2.7): 
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To establish the final dimensions of the control volume, show in Table 2.1, Fig. 
2.5 and Fig. 2.6, multiple simulations with increasing control volume size were 
performed. From these multiple simulations, the chosen final dimensions were 
those for which, upon convergence, the numerical results were stable up to third 
decimal. In other words, using a control volume with dimensions larger than the 
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chosen final dimensions will lead to increased computational time while the 
accuracy of the results will show no significant improvement.  
 
Another important factor in the control volume independence study has been 





The second step, and probably the most difficult of all, is discretizing the control 
volume, or in other words, creating a mesh. Creating a mesh means to split the 
control volume into pieces called cells in which the Navier-Stokes equations will 
be solved. In this mesh tetrahedral and hexahedral cells will be used.  
 
The number of cells and their size are directly related: the smaller the size of 
the cells, the larger the number of cells needed to discretize all the control 
volume. So in order to determine which is the most suitable cell size, the control 
volume independence study should be retaken performing different test 
simulations. Once the acceptable error between simulations is achieved, the 
cell size will be stablished and hence the number of cells. The mesh used in this 
study consists of 5 and a half million cells. 
 
A good mesh for our purpose should have smaller cells in regions near the 
target for having increased accuracy and resolution there, and, conversely, 
bigger cells can be used as the car is farther.  
 
ANSYS Fluent allows the user to customize many meshing features as the size 





Fig. 2.8 Sizing features of the mesh 
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As can be seen in Fig. 2.8, the proximity and curvature size function has been 
selected, which means that both proximity and curvature on edges and faces 
will be examined before computing the element sizes in order not to exceed the 
maximum size [25]. 
 
Initially, the chosen minimum cell size was 7.5e-003 m and the maximum 
1.250 m. Furthermore, another value of proximity minimum size (6e- 
003 m) was given, just in case the geometry requires smaller cells to be 
able to adequately discretise some narrow zones. 
 
 
Once the general sizes have been selected, it is recommended to select those 
small surfaces which will require a smaller cell size. These surfaces, 
located in the wheels, in the front and rear part, and in the lateral 





Fig. 2.9 Car surfaces which require smaller cells 
 
 
Another characteristic of this mesh is that tetrahedral and hexahedral cells were 
used to build it. Ideally, the whole mesh should be discretised with hexahedral 
cells because their shape generally reflects better the path or trajectory of the 
fluid particles (when there is a well-defined inlet and outlet). Having a mesh 
entirely of hexahedral cells is often not feasible or a very hard work, like in this 
case, due to the complexity of the car geometry, so tetrahedral cells have also 
been used. 
 
Actually, hexahedral cells were used near the boundary layers using the first 
aspect ratio inflation option. This fact can be checked in Fig. 2.10.  
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Fig. 2.10 Inflation features of the mesh 
 
 
First aspect ratio inflation option provides a good alignment with the flow near to 
wall boundaries. This inflation option ensures a good transition between 
hexahedral and tetrahedral regions (Fig. 2.11). For layer growth on the car 
surfaces, it is recommended to use first aspect ratio 5, number of layers 5 and 
geometric growth rate 1.2 [26]. All the car surfaces as well as the road surface 






Fig. 2.11 First Aspect Ratio inflation option 
 
 
The final mesh can be seen in Fig. 2.12 and Fig. 2.13. As explained before, 
bigger cells can be found far from the car. Indeed, near to the boundaries cells 
are so small that they are not visible. 
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Fig. 2.13 Zoom of the final mesh  
 
 
2.2.1 Mesh quality parameters 
 
ANSYS Fluent allows quantifying some parameters of the mesh and cells to 
help the user check the quality of the mesh. It is important to pay attention to 
these parameters before starting the simulation; otherwise, the simulation may 





The skewness measures how close to the ideal a cell is (i.e. a perfect 
tetrahedral or hexahedral). A skewness value of 0 indicates a perfect cell and a 
value of 1 suggests a completely degenerate cell [27]. High skewness values 
(near to 1) lead to inaccurate solutions and slow convergence.  
 
As Fig 2.14 shows, ANSYS Fluent gives four different values of skewness: the 
cell with the minimum skewness, the cell with the maximum skewness, the 
average and the standard deviation. It is recommended to keep the maximum 
skewness of volume mesh lower than 0.95 [28]. Furthermore, the software 
enables to check where are located the cells with the highest skewness values. 
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Fig. 2.15 Skewness values of the cells shown graphically 
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Table 2.2 Quality of the cell depending on the skewness value [29] 
 
Skewness value Cell quality 
0-0,25 Excellent 




0,98-1 Must be improved 
 
 
Taking into account what Table 2.2 shows, all the skewness parameters of the 
mesh of this project are within the recommended range. 
 
 
2.2.1.2 Aspect ratio 
 
Aspect ratio is a measure of the stretching of a cell. It is computed as de ratio of 
the longest edge length to the shortest edge length. For a unit cube, the aspect 
ratio would be the distance from the cell centroid to the face centroid by the 
distance from the cell centroid to a node [30].  
 
As Fig. 2.16 shows, ANSYS Fluent gives four different values of aspect ratio: 
the cell with the minimum aspect ratio, the cell with the maximum aspect ratio, 





Fig. 2.16 Aspect ratio of the cells of the mesh 
 
 
It is recommended to maintain the average value of aspect ratio below 100 [28]. 
Although there is a cell with a value of 183.45, the average aspect ratio is within 
the recommended range. 
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2.3 Setup: boundary conditions and features of the solver 
 
Once the mesh is finished, the last step before starting the simulation is defining 
the boundary conditions and the features of the solver. 
 
First of all, it is important to define all the surfaces of the control volume: the 












Fig. 2.18 Symmetry side, road and outlet of the control volume 
 
 
ANSYS Fluent has got two different solvers: the pressure-based solver and the 
density-based solver. In this project, the pressure-based solver was used. This 
solver takes pressure and momentum as the primary variables (Fig. 2.19) [31]. 
 
Furthermore, ANSYS Fluent has two different algorithms with the pressure-
based solver: segregated solver (solves for pressure correction and momentum 
sequentially) and coupled solver (solves pressure and momentum 
simultaneously). Coupled solver was selected because it is applicable for most 
single phase flows, and yields superior performance to the pressure-based 
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segregated solver but it requires 1.5-2 times more memory than segregated 
(see Fig. 2.22) [31]. 
 
Pressure-based solvers are implicit which means that equations are almost 




Fig. 2.19 General: pressure-based solver 
 
 
Now the turbulence model has to be chosen. A turbulence is an unsteady 
motion in which transported quantities (e.g. mass or momentum) vary over time 
and space. The chosen turbulence model in this study has been the SST 
(Shear Stress Transport) model. This model is a combination of the !-#  model 
(where !  is the turbulent kinetic energy and !  is the rate of dissipation of kinetic 
energy) in the free stream and !-#  model (where !  is the specific rate of kinetic 





Fig. 2.20 Models: SST (Shear Stress Transport) model 
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The reason why this model was chosen is that it is often very accurate for 
solving the flow near the wall [34]. Due to its complexity, it usually involves long 
computational time but ultimately better results will be achieved. 
 
In boundary conditions section it is necessary to define the inlet and the flow 
direction and velocity. In this case, the chosen speed was 30 m/s (about 100 
km/h). Furthermore, some reference values such as the frontal area (or 
depending on the case, the layout area) of the car, and properties of the air like 





Fig. 2.21 Reference values: area, density, enthalpy, length, pressure, 
temperature, velocity, viscosity and ratio of specific heats  
 
 
The next step is to select the methodology that ANSYS Fluent will use to solve 
the study. This involves choosing the pressure-velocity scheme. As told before, 
coupled scheme was used. In addition to the previous reasons of choosing 
coupled scheme, it must be added that in steady-state flows, coupled solver will 
obtain a more robust and efficient single phase implementation [35]. Moreover, 
by default, a second order approximation was used for discretizing the 
pressure, while a first order upwind approximation was used for solving the 
remaining parameters (momentum, turbulent kinetic energy, specific dissipation 
rate, intermittency and momentum thickness !"  ). The solver settings used are 
shown in Fig. 2.22. 
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Fig. 2.22 Solution Methods: coupled scheme and spatial discretization 
 
 
Finally, and before starting the simulation, it is recommendable to run a hybrid 
initialization in order to efficiently initialize the results. This is a good technique 
because it does not require to introduce additional inputs to initialize the 
simulation [36]. Once the hybrid initialization finishes, the definitive simulations 
are ready to start. 
 
A summary of the boundary conditions and the settings of the solver are 
presented in Table 2.3: 
 
 




Turbulence model Transition SST (4 eqn) 
Pressure-velocity coupling Coupled 
Gradient discretization Least Squares Cell Based 
Pressure discretization Second Order 
Momentum discretization First Order Upwind 
Turbulent kinetic energy 
discretization First Order Upwind 
Specific dissipation rate discretization First Order Upwind 
Intermittency discretization First Order Upwind 
Momentum thickness !"  
discretization First Order Upwind 
Reference 
values 
Fontal area (!"  ) 0.97446 – 0.952542.1 
Layout area (!"  ) 8.89306 – 3.878332.2 
Density (!"/$%  ) 1.225 
Pressure (!"  ) 0 
Velocity (!/#  ) 30 
Viscosity (!"/$ · &  ) 1.7894e-05 
Ratio of specific heats 1.4 
                                                
2.1 The first value is the frontal area with the lateral mirror and the second one without the mirror 
2.2 The first value is the layout area with the lateral mirror and the second one without the mirror 
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CHAPTER 3. CFD RESULTS 
 
In this section the results of this project will be exposed. First of all, there is one 
fact that must be explained: since this project is focused on studying the 
aerodynamic effect of the lateral mirrors, two different series of simulations were 
performed. The first one was with a car that has lateral mirrors and the second 
one with the same car but without mirrors. The final result will be how much the 
lateral mirror contributes to the overall aerodynamic performance. 
 
Since all the parameters described throughout the mesh and setup sections 
were chosen accurately, the computational cost was high. This means that each 
simulation took practically one day for converging. In fact, this computational 




3.1 Graphical results 
 
Fig. 3.1 and Fig. 3.2 show a lateral view of the velocity contour plot and the 
turbulent kinetic energy contour plot, respectively. The flow direction is –Z. The 
contour plots correspond to a vertical plane x = 0.93 meters (in the middle of the 
mirror). 
 
Regarding the velocity contour (Fig. 3.1), a forward stagnation point is observed 
in the mirror, that is, when the airflow is about to meet the mirror in its most 
forward point, there is a deceleration of the airflow speed, reaching null speed 
and highest static pressure in the stagnation point. Then, as the flow moves 
around the mirror, it starts to accelerate (Venturi Effect). Especially this can be 
noticed in the upper surface of the mirror. 
 
Furthermore, behind the mirror the airflow speed becomes almost null. After the 
sudden change of the mirror geometry, both in the upper and lower surfaces, 
leading to the rear flat part where the actual mirror is located, the flow detaches 
from the mirror. That is, due to the combined action of friction and the extreme 
pressure gradient due to that sudden change in geometry, the boundary layer 
detaches, since it cannot make that 90º turn and continue its travel attached to 
the mirror surface. The imbalance between the high overpressures in the area 
surrounding the forward stagnation point and the detachment area in the rear 
part is the origin of one of the typical sources of drag, the so-called wake drag 
(or pressure drag, or form drag). 
 
As for the turbulence kinetic energy (Fig. 3.2), it can be seen that the highest 
turbulence appears right after the detachment of the airflow from the mirror. 
This detachment at the rear of the mirror leaves a turbulent wake and this fact is 
demonstrated by green, yellow and red zones in Fig. 3.2. In other words, the 
airflow remains laminar (and hence the turbulent kinetic energy value is null or 
almost null) in all the fluid field but in the detachment zone. Fig. 3.2 shows 
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another turbulent region (light blue region) located in the bottom/left part of the 
image. This turbulence region is due to the front wheel. Another way of 
interpreting the wake drag, from the energies approach, states that there is a 
drag associated with the energy from the burnt fuel wasted in creating these 
vortexes of the flow in the detachment zone. 
 
Fig. 3.3 and Fig. 3.4 show streamlines (which in stationary flows are coincident 
with the trajectories of the fluid particles) and the magnitude of the velocity in 





Fig. 3.1 Velocity countour plot showing the magnitude of the flow velocity 





Fig. 3.2 Turbulence contour plot showing the magnitude of the 
turbulence kinetic energy of the flow around a mirror, from a lateral view, 
in the plane x = 0.93 meters 
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Fig. 3.3 Streamlines showing the trajectories and the magnitude of the 
velocity of the fluid particles in the fluid field around a mirror, from a 





Fig. 3.4 Arrows showing the direction and the magnitude of the local flow 
velocity around a mirror, from a lateral view, in the plane x = 0.93 meters 
 
 
3.2 Numerical results 
 
The drag and lift coefficients for the car are compared in Table 3.1. These 
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Table 3.1 Drag and lift coefficients 
 
 !"  3.1 !"  3.2 
Car with lateral mirror 0.415 0.102 
Car without lateral mirror 0.409 0.11 
Difference (%) -1.4% 7.7% 
 
 
Regarding the car with lateral mirror, Table 3.2 and Table 3.3 show the 
contribution of each zone of the car to the overall drag and lift coefficients. 
 
 
Table 3.2 Contribution of several zones of the car to the aerodynamic drag 
coefficient, !"   
 
 Form !"   Skin Friction !"   Total !"   Contribution (%) 
Lateral mirror 0.015 0.0005 0.015 3.6% 
Wheels 0.07 0.002 0.072 17.4% 
Car body 0.303 0.025 0.328 79% 
Total 0.388 0.027 0.415 100% 
 
 
Table 3.3 Contribution of several zones of the car to the lift coefficient, !"   
 
 !"   Contribution (%) 
Lateral mirror -0.002 -2% 
Wheels 0.004 4% 
Car body 0.1 98% 
Total 0.102 100% 
 
 
Table 3.2. shows that the contribution to the total drag coefficient of the lateral 
mirror is 3.6%. Furthermore, the contributions to the total drag coefficient of the 
form and the skin friction drag are of a different order of magnitude. The reason 
of this difference is explained in Fig. 3.5. This picture shows the relative 
contributions to the aerodynamic drag of the different phenomena (that is, 
percentage of skin friction drag versus pressure or form drag) for different 
geometries: 
 
                                                
3.1 Results were obtained with their respective frontal areas  
3.2 Results were obtained with their respective layout areas 
42                               Computational fluid dynamics analysis of a lateral mirror and introduction to digital implementation 
 
 
Fig. 3.5 Relative contributions to the aerodynamic drag of the different 
phenomena for different typical geometries [37] 
 
 
The lateral mirror of the car is a blunt body, and the behaviour of the flow 
around it could be assumed to be approximately like that around the sphere in 
Fig. 3.5. The sphere with a Reynolds number around 105 has a very low 
percentage of viscous drag: nearly all its aerodynamic drag is due to the 
pressure drag, and this fact is exactly what Table 3.2 shows. This is typical in 
blunt bodies (i.e., non-sharp, non-streamlined bodies), for which the form drag 
is usually dominant over the skin friction drag. Conversely, for stream-lined 
bodies, the skin friction drag is dominant over the form drag. Again, this can be 
seen in Table 3.2: the form drag of the lateral mirror is 3.6% of the total drag of 
the car, while the skin friction drag of the lateral mirror is only about 0.12%. 
 
As for Table 3.3, it can be observed that the lateral mirror contributes to the lift 
coefficient negatively (from the plots in Fig 3.1 and 3.3, this could be anticipated 
in view of the larger region of higher velocities that can be hardly seen in the 
lower surface of the lateral mirror). This explains why the lift coefficient 
increases if the lateral mirror is removed. In fact, since the lateral mirror 
increases the downward force, this also produces an increase of friction with the 
road. Therefore, removing the mirror results in aerodynamic drag reductions in 
two ways: by reducing the form drag and skin friction drag, on one hand, and by 
reducing the friction with the road, on the other side. 
 
However, it must bear in mind that, while removing the lateral mirror will 
certainly reduce the form drag and skin friction drag, the effect on the lift 
depends on the lateral mirror design. Namely, the lateral mirror of the studied 
car shows a pretty standard design, so probably most lateral mirrors contribute 
negatively to lift, but there may be mirrors with particular designs with opposite 
contribution. 
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Regarding the car without lateral mirror, Table 3.4 and Table 3.5 show the 
contribution of each zone of the car to the overall drag and lift coefficients. 
 
 
Table 3.4 Contribution of several zones of the car to the aerodynamic drag 
coefficient, !"   
 
 Form !"   Skin Friction !"   Total !"   Contribution (%) 
Wheels 0.07 0.007 0.077 18.8% 
Car body 0.307 0.025 0.332 81.2% 
Total 0.377 0.032 0.409 100% 
 
 
Table 3.5 Contribution of several zones of the car to the lift coefficient, !"   
 
 !"   Contribution (%) 
Wheels 0.005 5% 
Car body 0.105 95.5% 
Total 0.11 100% 
 
 
Now, the reduction of friction with the road is computed. Table 3.6 shows the 
downforce (which by convention is positive in the direction opposite to lift) for 
the car with lateral mirrors and the car without lateral mirrors. 	
 
 
Table 3.6 Downforce of the car with and without lateral mirrors 
 
 Downforce (!  )
Car with lateral mirror -438.3 
Car without lateral mirror -470.3 
Difference (%) -7.3% 
 
 
Let’s assume that the weight of this car model is 1605 !"  [38] and the rolling 
resistance coefficient (µ) is about 0.02 [39]. The friction force can be computed 
using the following formula: 
 
 
(1.2) !" = $ · &   (3.1) 
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Table 3.7 Friction force of the car with and without lateral mirrors 
 
 Friction force (N) 
Car with lateral mirror 306.1 
Car without lateral mirror 305.5 
Difference (%) -0.2% 
 
 
So without lateral mirror there is a 0.2% of reduction in the road friction which 
has to be added to the reduction of the form drag and the skin friction drag 
exposed before. 
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CHAPTER 4. DIGITAL IMPLEMENTATION 
 
When driving on the road, one of the most common actions that require use of 
lateral mirrors is overtaking. The second aim of this project is to try to find a 
solution enabling drivers to look backwards without using lateral mirrors. A 
wide-angle camera was chosen as the suitable device for achieving this 
purpose. 
 
This second part of the project started with recording some videos from a car. 
The camera for recording these videos was placed in the left hand side lateral 
mirror of the car, oriented backwards. Fig. 4.1 shows where the camera was 





Fig. 4.1 Camera assembly in the left lateral mirror of the tester car 
 
 
As told above, different videos were recorded: some of them when the car was 
being overtaken by another car and others when the car was alone on the road. 





Fig. 4.2 Back view when the car is overtaken by another car 
 




Fig. 4.3 Back view without overtaking 
 
 
Paying attention to Fig. 4.2 and Fig. 4.3 it is possible to check that in the left 
side of the image there is always a static view of the tester car. In other words, 
actions will only occur downwards in the middle/right part of the image. This 
active region will be defined as the region of interest (ROI). Fig. 4.4 shows 





Fig. 4.4 Region of interest (ROI) of the image 
 
 
A ROI can be described as a subset of an image identified for a particular 
purpose [40]. This way, all the study can be based on this region and the rest of 
the image can be neglected. Once the concept of ROI has been explained, the 
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4.1 Image processing 
 
The main purpose of recording videos with and without an overtaking is creating 
a code which will enable drivers to decide whether a lane change is safe or not. 
Matlab has been the language used to write the code. 
 
Videos were recorded at 24 frames per second (fps). Assuming that these 
videos are about 8 seconds long, a total of 192 frames per video are obtained. It 
means that each video consists on a series of approximately 192 static images 
assembled one after the other. 
 
Each frame is made of pixels. A pixel is the smallest part of an image and it can 
store a value proportional to the light intensity at a particular location. The 
physical size of a pixel depends on the device’s resolution. Originally, the 
resolution chosen to record the videos has been 1080p (Full HD), which means 
that in each image there are 1080 horizontal lines of pixels (rows) and 1920 
vertical lines of pixels (columns). High resolution implies a higher computational 
cost so, before the image processing, the resolution of the videos had to be 
reduced. 
 
As told before, a pixel is the basic unit of programmable colour in an image. The 
specific colour that a pixel describes is a blend of three components of the 
colour spectrum – RGB (red, green and blue). In order to specify a pixel’s 
colour, up to three bytes of data are needed, one byte for each major colour 
component. The videos of this study were recorded with a 24-bit colour value 
(true colour), which means that the three bytes of storage are used [41]. 
 
Once these issues have been detailed, the procedure used to process the 
images (i.e. the Matlab code) has to be explained. There exist multiple valid 
strategies to decide if an overtaking occurs inside the ROI. In a practical case, 
the best approaches to detect the existence of an overtaking would be based on 
the temporal evolution study of the pixels inside the region of interest. 
Generally, motion estimation methods which generate a field of motion vectors 
are used. This field of vectors has a different statistic behaviour whether or not 
there is an overtaking. This change of behaviour enables an expert system to 
detect a possible overtaking. 
 
The method used in this study or, in other words, the main function of the 
program is to compute how the colour values (RGB) inside the ROI change 
through the frames in every pixel located inside the ROI. 
 
Mathematically, this can be explained as the addition of the square of the 
differences. It can be computed as follows: 
 
 
















• !  is the variable that stores the whole addition. 
• !  and !  are the total number of rows and columns of the chosen ROI, 
respectively. 
• !  and !  go from the first row and column of the ROI, respectively, to the 
last one.  
• !  is the colour component of the pixel (RGB). 
• !"   is the current frame (or time). 
• !"-$  is the frame before. 
 
The reason why the addition is divided by the total number of rows and columns 
is because in case that ROI size changes in each video, the results will not be 
affected by this change of volume. Once the total !  is obtained, the result has to 
be multiplied again by !  and !  .
 
Furthermore, not only the total addition will be stored but also will be a vector 
with all the differences between frames. The reason of creating this vector will 





In this section the results of the Matlab program are exposed. First of all, there 
is a fact that must be explained. The reason why all the differences are stored is 
to detect irregular changes of colours.  
 
On the one hand, when there is not a car overtaking, the colours inside the ROI 
remain basically constant (grey concrete colour is always shown). On the other 
hand, when an overtaking is occurring, there is a sudden change in the colour in 
the ROI (from grey concrete to the car colour).  
 
What has been explained above is now shown with a couple of examples. Fig. 
4.5 shows the tester car traveling alone along the road for a few of seconds. 
Taking into account that the ROI is downwards in the mid, right hand side part 
of the image (as explained previously), there is no car or object appearing 
unexpectedly from behind. 
 
 




Fig. 4.5 Tester car traveling alone along the road 
 
 
If the video sampled in Fig. 4.5 is processed with the Matlab program created, 





Fig. 4.6 Graphical results of !  in video with no overtaking 
 
 
As it can be observed in Fig. 4.6, there is no outstanding peak. All the peaks are 
approximately of the same magnitude respect to the average difference (blue 
dashed line). Actually, the most outstanding peak deviates a 68.3% from the 
mean. This means that there is no prominent change of colour.  
 
Fig. 4.7 shows the tester car being overtaken by a red car: 
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Fig. 4.7 Tester car being overtaken by a red car 
 
 
The results obtained with the Matlab program for the video sampled in Fig. 4.7 





Fig. 4.8 Graphical results of !  for the video sampled in Fig. 4.7 
 
 
The results are considerably different from the ones obtained in Fig. 4.6. Now 
from frame 96 to frame 132, there is a very significant peak whose values are 
far from the mean (blue dashed line). The most outstanding peak deviates a 
158% from the mean. Until frame 96, the plot is similar to Fig. 4.6. Taking into 
consideration Fig. 4.8 and Fig. 4.7 simultaneously, it can be concluded that the 
peak appears when a car reaches the ROI.   
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CONCLUSIONS AND FUTURE WORK 
 
This project focused on studying the effect of hypothetically removing the lateral 
mirrors from a generic car. This research could add up to the numerous 
investigations that the automotive industry has been carrying out with the 
challenge of reducing the aerodynamic drag of cars and hence, the fuel 
consumption. 
 
Upon termination of this project, it can be claimed that one of the main 
objectives has been fulfilled: learning how to deal with ANSYS Fluent software 
and performing a complete CFD analysis. Furthermore, the results obtained 
have confirmed the working assumption: removing lateral mirrors involves an 
aerodynamic drag decrease.   
 
It became evident that there are several issues that must be addressed before 
making CFD simulations and obtaining the results. The first important challenge 
is choosing accurately the fluid domain. A control volume independence study 
has been performed. The chosen sizes for the control volume were 
approximately 41x10x12 !"  (length-width-height). 
 
The most difficult challenge was discretizing properly the fluid domain. The 
regions of the geometry which contained small and sharp surfaces have been 
processed separately in order to obtain even smaller cells. The result was a 
mesh of 5 and a half million cells. Some mesh quality parameters such as 
skewness or aspect ratio were considered satisfactory after being carefully 
checked. 
 
In regard of the boundary conditions, all the chosen parameters were selected 
also after careful consideration. The flow was considered viscous, 
incompressible and steady in this fluid problem.  
 
From the obtained results, it can be observed that, when the lateral mirror is 
removed from the car, the drag coefficient is reduced by 1.4% and the lift 
coefficient increases by 7.7%. In other words, the aerodynamic drag decreases 
as well as the downward force, that is, less friction with the road is generated. 
 
As per the digital implementation of a solution, it must be reminded that the aim 
of the project was not to perform an exhaustive study about image processing 
methods. A simplified method has been applied that merely evaluates the 
temporary change of energy in the region of interest. With this simple analysis, 
it has been proved that moderately satisfactory results can be obtained. 
 
This project could be continued and improved in many ways in the future. First 
of all, a more accurate CFD study could be performed using a second order of 
discretization. This fact would increase the computational cost but also would 
achieve more optimum results. As for the mesh, it could be created even more 
precise reconsidering those cells with high skewness and aspect ratio values.  
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In this project, the flow was assumed steady since the boundary conditions, like 
the velocity, and the car geometry do not vary with time throughout the 
simulation. As discussed in results chapter, there exist some regions in which 
the fluid becomes turbulent (and fluid properties become unsteady). This project 
could also be improved by trying to discretize and solve the problem in turbulent 
regions properly. 
 
In addition, another CFD software could be used to check which one provides 
more reliable results. Even more, this study could be performed with wind 
tunnel measures and comparing them with the CFD results. 
 
Finally, in order to check how much the fuel consumption decreases in a car 
which does not have lateral mirrors, experimental tests could be performed. 
This would imply driving without lateral mirrors, which is something prohibited 
by the current law of circulation.  
 
Regarding to the digital part, the study could be repeated recording images at 
the same time from the two lateral mirrors and even from the front and rear part. 
This way the driver could have visibility from all angles without using mirrors. 
Furthermore, an electronic system could be built to detect cars in real time 
which includes an audible warning when changing lane is not advisable due to 
presence of incoming car. 
 
The truth is that, in the future, electronics will become even cheaper, while on 
the contrary, since fossil fuels are depleting, gasoline/gasoil will be become 
more expensive over the years. For this reason, even if nowadays a reduction 
of aerodynamic drag of 1.4% plus a reduction in friction with the road of 0.2% 
may not seem very large, in some years this reduction will certainly suppose an 
important saving of fuel. 
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APPENDIX A. MATLAB CODE IN-DEPTH ANALYSIS 
 
This appendix aims to do an in-depth analysis of the Matlab code used in 
Chapter 4. Furthermore, two more videos showing an overtaking will be 






%Reading the video 
v = VideoReader('video1.mp4'); 
	
%Obtaining the number of frames 
nframes = v.NumberOfFrames; 
 
%Defining the ROI 
c = [340 340 570 570]; 
r = [180 410 410 180]; 
 
n = 1; z = 0; c = 1; 
  
%Number of rows and columns inside the ROI 
row = 230; col = 230; 
  
%In this case, frames are read 5-by-5  
for n = 1:5:(nframes-1) 
 
    %Reading a frame and its following frame 
    I_0 = read(v,n); 
    I2_0 = read(v,n+1); 
    z = 0;  
     
            for j = 180:410 
                for k = 340:570 
                    %Computing z shown in Eq. (4.1) 
                    difference = double((((I2_0(j,k,1) 
I_0(j,k,1))^2)+((I2_0(j,k,2)-I_0(j,k,2))^2)+((I2_0(j,k,3)-
I_0(j,k,3))^2))); 
                    z = z + (difference/(row*col)); 
                end 
            end 
     
    %Vector storing all the differences 
    dif(c) = z;    




z_final = z*(row*col); 
 
%Plotting the results 
plot(dif)	
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Now two more videos will be processed. 
 





Fig. A.1 Tester car being overtaken by a black car 
 
 
The results obtained with the Matlab program for the video sampled in Fig. A.1 





Fig. A.2 Graphical results of !  for the video sampled in Fig. A.1 
 
 
Fig. A.2 shows a similar result than Fig. 4.7. Until frame 175, the plot shows a 
set of peaks which are approximatelly of the same magnitude respect to the 
average. From frame 175 on, there is an outstanding peak which deviates a 
86.8% from the mean. The percentage of deviation is lightly smaller than the 
percentage shown in Fig. 4.7. This is because the video processed in Fig. 4.8 
showed a red car, which produced a biggest change of !  value (colour changed 
from grey to red). In this latter example, the car which overtaked the tester car 
was black (which is more like to grey concrete). 
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Fig. A.3 Tester car being overtaken by a white car 
 
 
The results obtained with the Matlab program for the video sampled in Fig. A.3 





Fig. A.4 Graphical results of !  for the video sampled in Fig. A.3 
 
 
The most outstanding peak in Fig. A.4 deviates a 123% from the mean. Once 
again, the latter two examples have demonstrate that moderately satisfactory 
results can be obtained by means of an unpretentious Matlab program.  
